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Wildlife Biology

Monitoring survival of young in ungulates: a case study with Rocky Mountain Elk
Chairperson: Daniel H. Pletscher
Survival of young is an important determinant of population growth and persistence in
ungulate populations. Therefore, monitoring the survival of young is an essential
component in many research and management programs. The primary techniques used to
monitor survival of young in ungulate populations are age ratios, obtained from herd
composition surveys, and telemetry studies of marked individuals. Concerns about
survival of young and the impact of predators on recruitment have recently arisen
because of reported declines in age ratios (e.g. calf:cow, fawn:doe) in many ungulate
populations. Despite their common and wide usage, it remains unclear what inferences
are appropriate when changes in age ratios are observed. Alternatively, obtaining
survival estimates from marked individuals is labor-intensive, expensive, invasive, and
may not represent the source nor the amount of mortality that occurs in a population.
In my thesis, I used a modeling approach to determine the relative importance of vital
rates on age ratios. I also evaluated the ability of age ratios to reflect changes in vital
rates and population growth (λ). Calf survival had the greatest impact on calf:cow ratios
and explained most of the variation in calf:cow ratios (r2= 0.965). However, calf:cow
ratios did not always quickly detect annual declines in calf survival. Calf: cow ratios do
not reflect variation in any other vital rates including prime-age survival and pregnancy
rates. In addition, calf:cow ratios positively correlated to population growth the previous
year and were marginally successful in distinguishing between increasing (λ ≥ 1.005 ) ,
decreasing (λ ≤ 0.994 ) , and stationary (0.995 ≤ λ ≤ 1.004 ) populations.
In the field component of my research, I captured neonatal elk to estimate summer calf
survival, explored factors influencing calf survival, and quantified the impacts of
predators on calf survival. I also compared survival estimates obtained from the marked
samples to those obtained from changes in calf:cow ratios. Calf survival varied between
0.25-0.88 during the study period (2002-2006). Predation (68%), mainly bear predation,
was the primary source of mortality, and early-born, small calves had the highest
probability of mortality. Overall, summer survival estimates obtained from calf:cow
ratios and the marked samples were comparable. However, survival estimates obtained
from marked individuals provides insight into many of the mechanisms (e.g. birth
weight) responsible for the annual variation in survival of young.
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Chapter 1
INTRODUCTION
Monitoring animal populations is a necessary component of research and
management in all fields of ecology. It is often mandatory to determine absolute
numbers with endangered species and other species of concern. The survey design must
be able to detect slight changes in abundance when monitoring these species. In contrast,
we are usually interested in trends and relative changes in populations with more
abundant species. However, monitoring trends in animal numbers alone can be
misleading and may mask important demographic changes (van Horne 1983, Kauffman
et al. 2003). Biologists and managers cannot attribute observed changes in population
size to some factor without monitoring vital rates within the population. Coulson et al.
(2005) suggested the first step to halt a decline in population size is to identify the
demographic cause of the decline. Ultimately, monitoring populations helps to direct
future research and provides a way to determine if management goals have been attained.
Efficiently monitoring ungulate populations is a major concern for many wildlife
agencies. Ungulates provide aesthetic, ecological, and economic value, despite being
abundant and widespread. For example, elk hunting expenditures in 2002 from nonresidents and residents in Montana generated over 67.7 million dollars in income for the
state (Montana Department of Fish, Wildlife & Parks-MTFWP 2004). Censuses and
mark-recapture studies are not feasible or realistic in practice because they are laborintensive, expensive, and challenging. Instead, agencies often rely on indices of
abundance, survival, and recruitment to assess the population status of ungulates. Age
ratios (e.g. calf:cow or fawn:doe ratios) are a common index used to monitor ungulate
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populations, which are routinely collected from aerial surveys conducted from either a
helicopter or fixed-wing aircraft (Rabe et al. 2002).
Declines in age ratios have been reported across the western United States in
many ungulate populations in recent years including elk (Cervus elaphus: Kunkel and
Pletscher 1999, Hamlin and Ross 2002, Noyes et al. 2002), mule deer (Odocoileus
hemionus: White et al. 2001) and caribou (Rangifer tarandus: Post and Klein 1999).
Juvenile survival is unarguably the most important vital rate affecting recruitment in any
wild ungulate population (Gaillard et al. 1998). Therefore, a decline in recruitment,
indexed by age ratios, is of great concern to wildlife managers because recruitment
replaces the loss of adults from predators, harvest, and other factors (Gratson and Zager
1999) and may lead to decreases in population size. These reported declines in age ratios
could result from declines in survival of young or pregnancy rates, increases in predator
densities, or changes in bull age structure.
This project was initiated in 2002 in collaboration with Montana Fish, Wildlife &
Parks (MTFWP) to determine what inferences can be made from age ratios and evaluate
factors influencing calf survival in Rocky Mountain elk (Cervus elaphus nelsoni). In
Montana’s Hunting District (HD) 292, reported calf:cow ratios decreased from 41 calves:
100 cows in 1988 to 20 calves:100 cows in 2001 (MTFWP 2004) in elk populations.
Therefore, we chose to study elk calf survival in this area. I am the second of two MS
students on this project (see Raithel 2005 thesis) and present all results from our
combined efforts in my thesis.
In Chapter 2, I use a modeling approach to assess the ability of age ratios, in this
case calf:cow ratios from elk, to reflect changes in vital rates and population growth (λ)
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through stochastic projections. I also conducted sensitivity analyses, which included
deterministic modeling and a life-stage simulation analysis (LSA), to determine the
impact of individual vital rates on calf:cow ratios. Lastly, I enforced perturbations of calf
survival including 5-50% annual declines to determine how quickly calf:cow ratios
respond to declines in the most variable vital rate.
In Chapter 3, I present data collected from marking individuals from 4 different
herd units (Paws Up, Chamberlain, Long Lake, and Murray-Douglas) over the 5-year
study. I estimate summer calf survival and explore factors influencing calf survival
including herd unit, sex, year, birth weight, and birth date. I also estimate cause-specific
mortality rates to quantify the impacts of predators on elk calves. Lastly, I compare calf
survival estimates obtained from the marked samples to those obtained from calf:cow
ratios.
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Chapter 2
UNGULATE POPULATION DEMOGRAPHY AND DYNAMICS FROM AGE RATIOS
Nyeema C. Harris, Wildlife Biology Program, Department of Ecosystem and
Conservation Sciences, The University of Montana, Missoula, MT 59812, USA
Abstract: Age ratios (e.g. calf:cow or fawn:doe) are used regularly to monitor ungulate
populations. However, it remains unclear what inferences are appropriate from this
index, because multiple vital rate changes can influence the observed ratio. We
determined the influence of stage-specific fecundity and survival rates, and evaluated the
ability of age ratios to track population dynamics using deterministic modeling, life-stage
simulation analysis (LSA), and stochastic projection models based on elk life-history.
Although all vital rates have a potential influence on calf:cow ratios, calf survival
explained the vast majority of variation in calf:cow ratios due to its extreme temporal
variation compared to other vital rates. Calf:cow ratios were positively correlated with
the population growth rate (λ) and often successfully indicated the trajectory of the
population. Calf:cow ratios performed poorly at detecting imposed declines in calf
survival, suggesting that only the most severe declines would be routinely detected. Our
analyses demonstrated that accurate, unbiased age ratios are an affordable, noninvasive
method that can be employed routinely to monitor arguably the most important
components contributing to sustainable ungulate populations, survival of young and λ.
However, age ratios perform poorly when used to infer gradual declines in survival of
young and did not identify stationary populations (0.995 ≤ λ ≤ 1.004 ) . In addition, age
ratios should not be used to monitor fecundity or adult survival in ungulate populations.
Key Words: age ratios, Cervus elaphus, elk, indices, recruitment, survival, ungulate,
monitoring, population growth rate, sensitivity analysis, life-stage simulation analysis
(LSA)
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INTRODUCTION
Age ratios are indices regularly incorporated into many wildlife-monitoring
programs. They are used to monitor age structure and recruitment (Miller and Hatfield
1974, de la Mare 1990, Iverson et al. 2004), survival (Tanaka 1990, Rohwer 2004), and
reproductive rates (Menu et al. 2002) in birds and marine mammals. Age ratios such as
calf:cow or fawn:doe ratios are routinely collected for ungulate populations during herd
composition surveys and are widely used to infer demographic trends. Ungulate age
ratios have been used to estimate the survival of young (White et al. 1996) and fecundity
(Eberhardt et al. 1996, Unsworth et al. 1999) in harvested, threatened, and endangered
populations (Kinley and Apps 2001, Bright and Hervert 2005, Wittmer et al. 2005). Most
commonly, age ratios are used to index recruitment (White and Garrott 2005), which is
the product of fecundity and survival of young.
Changes in age ratios are also used to evaluate perturbations to ungulate
populations. Commonly, state agencies use age ratios to infer the effect of hunter harvest
on ungulates. Age ratios have also been used to quantify the impacts of predators such as
wolves (Canis lupus) on elk (Cervus elaphus) and caribou (Rangifer tarandus) calf
mortality (Valkenburg et al. 2004, White and Garrott 2005). Other perturbations assessed
by age ratios include disease on bighorn sheep demography (Ovis canadensis, Monello et
al. 2001), scarcity of forage on caribou calf production (Post and Klein 1999), high
densities on elk populations (Taper and Gogan 2004), and environmental perturbations
such as winter severity on elk calf survival (Garrott et al. 2003).
Despite their common and wide use in ungulate research and management,
several authors have questioned the validity of using age ratios to monitor populations.
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The primary criticism stems from the fact that the index itself is a ratio. The numerator
represents the number of young and the denominator represents the number of yearling
and adult females. Over 30 years ago, Caughley (1974) argued that age ratios could be
very misleading because they cannot reveal dynamics of the individual components in the
ratio. He demonstrated that dramatic changes in numbers can go unmarked by age ratios,
and that different mechanisms in increasing and decreasing populations can yield the
same trend in age ratios. Similarly, McCullough (1994) emphasized the need to
understand the assumptions and limitations of age ratios when applied to ungulate
management, particularly the use of females as the reference class in the denominator.
He argued that the reference class must be constant and that depicting ratios as the
number of young per female masked the variability in female survival caused by changes
in density, weather, predator pressure, harvest regimes, or forage quality.
Despite these cautionary notes, it remains unclear what demographic trends age
ratios accurately index and what power they have to detect important perturbations.
These uncertainties remain because we lack a quantitative understanding of what
observed changes in age ratios actually represent in terms of population dynamics.
Specifically, we do not know how age ratios respond to changes in the vital rates that
comprise their individual components. Nor do we know what degree of natural
variability we should expect to observe in age ratios, or how variation in vital rates
compromises the ability of age ratios to detect directional changes in vital rates or the
population growth rate (λ). These uncertainties are particularly problematic in the face of
growing concerns about recruitment, survival of young, and fecundity that have recently
arisen because of reported declines in age ratios in many ungulate populations including
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elk (Noyes et al. 1996), mule deer (Odocoileus hemionus; White et al. 2001), and caribou
(Post and Klein 1999).
We estimated the relative importance of individual vital rates on ungulate age
ratios by examining the deterministic and stochastic influence of vital rate variation on
predicted age ratios. We also assessed the ability of age ratios to detect declines in the
survival of young. We conducted these analyses using calf:cow ratios and chose elk as
our model species because they are widespread, abundant, well-studied, and highly
managed. We designed our analyses to help connect age ratios to changes in vital rates
and population growth, and to identify which inferences are appropriate when trends in
these indices are observed.
METHODS
Matrix Construction
We constructed a 15x15 pre-birth pulse, female-based matrix for elk based on
their life history (Table 1). Age classes consisted of yearlings and prime-age adults (1-9
years-old), old-age adults (10-14 years-old), and senescent adults (≥15 years old). We
used vital rates from a long-term demographic study (Garrott et al. 2003) in Yellowstone
National Park (YNP) to parameterize yearling survival, prime-age survival, old-age
survival, yearling pregnancy, prime-age pregnancy, and old-age pregnancy. We set both
yearling survival and old-age pregnancy rates to equal those of prime-age adults. We
obtained an estimate of calf survival (Singer et al. 1997) and the senescent pregnancy rate
(White and Garrott 2005) from other studies conducted in YNP. The elements in the top
row of the matrix included both calf survival and fecundity. Fecundity was solely a
function of pregnancy rate because intrauterine mortality is negligible in free-ranging elk
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and twins are extremely rare <1.0% (Houston 1982). We also estimated senescent
survival as a fraction of old-age survival following Raithel et al. (in press) because
dramatic declines in survival of older age classes have been detected in other ungulate
species (Gaillard et al. 2000).
Relative Importance of Vital Rates
We estimated all calf:cow ratios in our study as the number of calves (doubled to
account for our female-only matrix) divided by the number of yearlings and adults. We
employed two methods to determine the relative importance of each vital rate on calf:cow
ratios. First, in a deterministic analysis, we constructed a mean matrix with invariant
vital rates and independently imposed a 10% decline in each vital rate, while all other
vital rates were held constant. We assessed the relative importance of vital rates by
quantifying the proportional change in calf:cow ratios at stable age distribution (SAD)
that resulted from this manual perturbation for each vital rate. Second, we used a variant
of life-stage simulation analysis (LSA) to assess how natural patterns of vital-rate
variability influence calf:cow ratios (Wisdom and Mills 1997, Wisdom et al. 2000). We
incorporated temporal variation in vital rates from Singer et al. (1997) and Garrott et al.
(2003), which are wholly consistent with how ungulate vital rates vary in nature (Gaillard
et al. 2000) . We obtained the calf:cow ratios at SAD from 1,000 replicate matrices
generated by independent selections of fecundity rates from stretched β- distributions and

( )

survival rates from β-distributions. We report the coefficient of determination r 2 for
each vital rate, which estimates the proportion of total variation in the calf:cow ratio
attributed to the variation in each vital rate.
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Stochastic Projections
We assessed the ability of calf:cow ratios to track changes in vital rates and λ,
using stochastic projections that incorporated transient dynamics. This approach allowed
us to determine what extractable information calf:cow ratios provide when they are
monitored routinely over time. We specified a starting population size ( N ) vector of
1,000 individuals at SAD and multiplied that vector by a matrix to create a new
population vector. Each matrix was generated by a random selection of vital rates within
their specified distributions that were bounded by values corresponding to natural
patterns of variability. We obtained the calf:cow ratio from each new population size
vector and calculated λ between time steps as N t +1 / N t projected 50 time steps and 100
replicates. We used a projection interval of 1 year, which makes the calf:cow ratios
equivalent to those obtained during annual spring surveys. We assessed the ability of
calf:cow ratios to track changes by regressing the calf:cow ratio at timet+1 on the vital rate

( )

at timet and report the coefficient of determination r 2 between each vital rate and the
calf:cow ratio. We also report graphically the probability that various calf:cow ratios
correspond to increasing (λ ≤ 0.994 ) , stationary (0.995 ≤ λ ≤ 1.004 ) , and decreasing

(λ ≥ 1.005 ) populations.
We included negative density-dependence into the stochastic projections to
account for changes in certain vital rates as population size approaches carrying capacity.
We expected calf survival and cow pregnancy rate to be more sensitive to density than
other vital rates in our matrix (Eberhardt 1977, Fowler 1987, Milner et al. 1999, Varley
and Boyce 2006). Although empirical data are limited, Singer et al. (1997) reported calf
mortality at varying population sizes and Stewart et al. (2005) measured the response of
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cow pregnancy from experimental manipulations of density, both in elk. We fit the
Ricker function of negative density-dependence using data from Singer et al. (1997) and
Stewart et al. (2005) following Morris and Doak (2002: 317) as:

VR [E (t )] = VR

(0)⎢⎣ − βE⎜⎝ t ⎟⎠ ⎥⎦
0
⎡

⎛ ⎞⎤

where the vital rate (VR=calf survival or cow fecundity) is a function of current density
[E(t)], and VR0(0) is the vital rate when density is close to zero. The fitted parameter, β,
represents the negative response of the vital rates to increasing density and was calculated
from the empirical calf survival and pregnancy studies as the slope in a linear regression
of the log vital rate against density.
We also evaluated the ability of calf:cow ratios to detect changes in calf survival
across a range of perturbation scenarios, using our stochastic projections. We focused
specifically on calf survival because of its importance to population growth due to its
extreme temporal variation (Gaillard et al. 1998, 2000; Raithel et al. in press), and its
close correspondence with the calf:cow ratios (see Results). We allowed other vital rates
to vary independently around their means, and set the mean calf survival rate to 0.60 for 5
years before instigating a 5-50% annual decline in mean calf survival for at most 15 years
and replicated each scenario 50 times. All vital rates were density-independent for these
perturbations. These annual declines in calf survival simulate a gradient in perturbations
that might occur in nature, ranging from gradual declines in habitat quality (or increasing
predators, etc.) to extreme environmental events. We maintained a constant annual
coefficient of variation (CV) in all model runs by adjusting the variance around the mean
calf survival rate. We evaluated whether or not a decline was detected by regressing the
calf:cow ratio against time. We tested whether the slope differed significantly from zero
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by using an alpha of < 0.10 to minimize the probability of a Type II error (concluding
that the population was healthy when, in fact, calf survival was declining).
RESULTS
Vital Rate Importance
The potential effects of changes in vital rates on calf:cow ratios were not equal
across vital rates. In the deterministic analysis, substantial proportional changes in the
calf:cow ratio resulted from modeled 10% declines in calf survival, prime-age survival,
and prime-age fecundity (Fig. 1a). Not surprisingly, these vital rates changed the
calf:cow ratio in different directions. Changes in prime-age (1-9 years-old) survival
influence the denominator of the calf:cow ratio; therefore, such declines caused the
calf:cow ratio to increase. In contrast, declines in calf survival and prime-age fecundity
in the numerator caused the calf:cow ratio to decrease.
Vital rates vary in nature by different amounts and this leads to different insights
concerning which vital rates most affect calf:cow ratios. Calf survival was by far the
most variable vital rate and this variation explained nearly all of the variation in calf:cow
ratios (r2=0.963) (Fig. 1b). Prime-age fecundity (r2=0.012) and yearling fecundity
(r2=0.009) explained most of the remaining variation in the calf:cow ratio. Adult survival
had a negligible influence on the variation in calf:cow ratios (r2=0.002) because it is
highly invariable compared to other vital rates.
Calf:Cow Ratios and Population Dynamics
The ability of calf:cow ratios to reflect changes in vital rates through time was not
consistent among vital rates (Fig. 2). Calf:cow ratios were tightly correlated with calf
survival the previous year in the projection models (Fig. 2A; r2=0.930). Calf:cow ratios
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also showed a weak relationship to changes in yearling fecundity in the previous year
(Fig 2E; r2=0.055). ). In the stochastic projections, as with the deterministic analysis, the
remaining vital rates had a negligible influence on calf:cow ratios due to their narrow
range of variation.
Calf:cow ratios were positively correlated with λ in the previous year in the
density-independent projection models (r2=0.904, Fig. 3). Calf:cow ratios were also
successful in distinguishing increasing, stationary, and decreasing populations (Fig. 4).
For example, when calf:cow ratios are less than 11 there is at least a 70% chance that the
population is decreasing. However, there is a high level of uncertainly in the trajectory of
the population when calf:cow ratios are between 11-14:100. The response of calf:cow
ratios to changes in vital rates and the population growth rate did not differ under the
density-dependent scenario (data not shown).
The ability of calf:cow ratios to detect declines in calf survival varied depending
on the severity of the perturbation (Fig. 5). Small perturbations of 5% annual declines
were detected by the calf:cow ratios in 62% (31/50) of the replicates. However, these
perturbations took an average of 11 years to be detected by calf:cow ratios. Calf:cow
ratios detected 50% annual declines in calf survival in 94% (47/50) of the replicates
within a 3-year period, but by this time the mean calf survival had dropped to 0.08.
DISCUSSION
Our analyses demonstrated that age ratios could be changed by several vital rates,
with the direction of the change dependent on whether the vital rate influences the
numerator or denominator and the magnitude of change dependent on the degree of
variability in the vital rate. Calf survival has the greatest influence on the age ratio
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because it is, by far, the most variable vital rate in ungulates (Hatter and Janz 1994;
Gaillard et al. 1998, 2000). For example, juvenile survival ranged from 0.07 to 0.41,
while adult survival ranged from 0.74 to 0.76 in a mule deer population on Vancouver
Island (Hatter and Janz 1994). The relative stability of adult survival in ungulates means
that not only is the number of females an appropriate denominator, but also that adult
survival does not mask the influence of juvenile survival on age ratios. Therefore,
contrary to Caughley (1974) and McCullough (1994) results from our sensitivity analysis
show that age ratios can meaningfully reflect the dynamics of an individual component of
the ratio, specifically the survival rate of young.
On the other hand, age ratios did not reflect changes in fecundity of any stage
class in our analysis, suggesting that they are a poor index of fecundity in ungulate
populations. Similarly, Andelt et al. (2004) concluded that low pregnancy rates could not
explain low fawn:doe ratios in mule deer. Factors that cause changes in pregnancy rate
such as bull age in elk (Noyes et al. 1996) are unlikely to explain the variation observed
in age ratios. Yearling fecundity is the second most variable vital rate (Raithel et al. in
press), but it has little influence on age ratios because it only influences one stage class
that represents only a small proportion of the population. Fecundity of other stage classes
is generally high and relatively constant, but is influenced by density, weather, and
habitat quality (Fowler 1987, Gaillard et al. 2000). This makes fecundity an important
vital rate to monitor; however, it is not appropriately monitored through age ratios.
Managers are not only interested in monitoring the production and survival of
young, but also population size and growth. Our simulations showed no relationship
between absolute population size and age ratios (results not shown), as expected based on
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first principles and previous studies (Coughenour and Singer 1996, Smith and Anderson
1998, Bender and Weisenberger 2005). However, age ratios did positively correlate to λ
in the previous year. Gaillard et al. (1998, 2000) and Raithel et al. (in press) have made
clear that the variation in survival of young drives ungulate population growth. Our
results corroborate this general trend for elk and indicate that the age ratio is a good index
of relative year-to-year changes in λ because it tracks variation in the most important
demographic parameter, survival of young.
Despite the strong correspondence between age ratios and calf survival, age ratios
did a rather poor job of detecting annual declines in calf survival in the stochastic
projections. Most declines in calf survival that are slight and long-lasting will likely go
unnoticed if relying solely on age ratios because calf survival varies widely from year to
year due to stochastic environmental variation. Only the most severe deterministic
declines in calf survival will yield discernable trends in calf:cow ratios. The lack of
detection of slight, long-lasting declines in calf survival is not due to the inability of the
calf:cow ratios to track annual variation in calf survival (as evidenced by Fig. 2A). In
other words, declines in calf survival that may occur from directional influences (e.g.,
steadily increasing predator densities) can easily be eroded by the random occurrence of
summer droughts and severe winters that strongly control calf survival.
Our conclusions are robust to different mean vital rate estimates, but the patterns
of variability incorporated in our analysis drove many of our results. We obtained all
vital rates from a Yellowstone National Park (YNP) population that was exposed to
predation from a suite of predators including grizzly bears (Ursus horribilis) and gray
wolves instead of hunting- related mortality. Mean adult survival and its variance from
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the YNP vital rates was higher ( X = 0.97, SE=0.02) in comparison to a harvested elk
population in Arizona ( X = 0.90, SE=0.001; Ballard et al. 2000). We obtained calf
survival estimates from Singer et al. (1997), which included a year where calf survival
declined by ≥ 70% due to drought and the 1988 Yellowstone fires. This catastrophic
event may have inflated the variance around the calf survival estimate in our simulations
relative to other elk populations, but it still reflects the predominant pattern of variation
of ungulate populations with juvenile survival and yearling fecundity being more variable
than adult survival (Gaillard et al. 2000, Raithel et al. in press). Adult survival is
expected to be relatively invariant because of its high contribution (elasticity) to λ (Pfister
1998, Gaillard and Yoccoz 2003).
Estimated age ratios are subject to additional sources of variation not incorporated
into our simulated environment. Many authors have discussed biases in age ratios
recorded in the field due to sightability (Samuel et al. 1987), survey design (Caughley
1977, Gasaway et al. 1985, Samuel et al. 1992), temporal variation in age ratios
(McCullough 1993, Bonenfant et al. 2005), observation error (Smith and McDonald
2002, Bender et al. 2003), and behavioral patterns of different age classes (Kaji et al.
2005). Variation observed in age ratios could be mistakenly attributed to changes in
survival of young when, in fact, the variation could be due to changes in observation
error. Therefore, individuals obtaining age ratio data should take all necessary
precautions to guard against such biases to insure that interpretations about ungulate
population demography and dynamics are reliable.
We believe our results can be extrapolated to other North American ungulates, to
the extent that life histories and patterns in vital rate variability are similar. However, for
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other taxa where age ratios are regularly employed to monitor populations-such as birds
and marine mammals- differences in life histories and patterns of vital rate variability
will mean that individual impacts of vital rates on age ratios may differ from our findings
we presented. Similar analyses will illuminate what extractable information sex ratios
provide for management of wildlife species. In addition, there is clearly a need to
understand whether the most accurate method to estimate λ for ungulate populations is
through vital rates, age ratios, or changes in population size.
MANAGEMENT IMPLICATIONS
Our analyses suggest that age ratios can be used to track annual variations in
population growth, λ, which is extremely useful because assessing population growth is
often difficult from count surveys where the proportion of animals missed is variable. In
addition, various age ratios provide information regarding the trajectory of the population
with some degree of certainty. However, managers should not use age ratios to monitor
vital rates other than survival of young because age ratios did not closely track changes in
these vital rates. Managers can use accurate, unbiased age ratios (with constant or
minimal observation error) to monitor survival of young, because the demographic driver
of changes in age ratios is primarily changes in survival of young. Managers should
expect age ratios to vary from year to year. However, the amount of variation in age
ratios will not only depend on the amount of variability in survival of young, but also the
species being monitored, the season that surveys are conducted, and the amount of
observation error.
Though age ratios can be used to index survival of young, they are limited in their
ability to detect gradual declines in calf survival over a string of years. Management
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agencies may not be able to mitigate the population-level consequences of declines in
survival of young through monitoring age ratios because age ratios may not quickly
signal such perturbations. Therefore, we agree with Caughley (1974) in that age ratios
should be coupled with estimates of population growth or population size to successfully
monitor ungulate populations.
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Table 1. Female-based, pre-birth pulse, Leslie matrix representing the elk life-history model. The projection interval of the
matrix is one year. Notation of the vital rates is: survival calves (Sca), survival yearlings (Syr), survival prime-age adults (Spa),
survival old-age adults (Soa), survival senescent adults (Ssa), fecundity yearlings (Fyr), fecundity prime-age adults (Fpa),
fecundity old-age adults (Foa), and fecundity senescent adults (Fsa). We assumed a 50:50 calf sex ratio at the pre-birth census.
Reported pregnancy rates were used as a surrogate to fecundity.
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Figure 1. Sensitivity analysis of calf:cow ratios. Panel A shows the proportional change in
calf:cow ratios from a 10% decline in each vital rate from the deterministic modeling. Panel B
shows the variation in calf:cow ratio explained by the variation in each vital (r2) from 1,000
replicate matrices in the life-stage simulation analysis (LSA).

A)

% Change in Calf : Cow Ratio

0.08
0.06
0.04
0.02
0
Primeage
Survival

-0.02
-0.04

Oldage
Survival

Senescent
Survival

Yearling
Fecundity

Senescent
Fecundity

-0.06
-0.08
-0.1

Calf
Survival

10% Decline in Vital Rates

Primeage
Fecundity

B)

Coefficient of
2
Determination (r )

1
0.8
0.6
0.4
0.2
0

Calf
Survival

Primeage
Survival

Oldage
Survival

Senescent
Survival
Vital Rate

16

Yearling
Fecundity

Primeage
Fecundity

Senescent
Fecundity

Figure 2. Ability of calf:cow ratios to reflect changes in vital rates from density-independent
stochastic projections. The model was projected 50 years with 1-year time intervals
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Figure 3. Variation in calf:cow ratio explained by variation in population growth from density
independent stochastic projection models. Models projected 50 years with 1-year time intervals
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Figure 4. Distribution of calf:cow ratios corresponding to various population trajectories from
density-independent stochastic projections. Models projected 50 years with 1-year time intervals
and 100 replications.

Figure 5. Ability of calf:cow ratios to detect annual declines in calf survival of varying severities
from stochastic projections. Time to detection (y-axis) in years after perturbation was enforced
and corresponding 95% Confidence Intervals. The mean calf survival rate corresponding to the
average time to detection is presented in the parentheses.
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Chapter 3
CALF SURVIVAL USING AGE RATIOS AND MARKED SAMPLES IN ROCKY MOUNTAIN ELK
Nyeema C. Harris, Wildlife Biology Program, Department of Ecosystem and
Conservation Sciences, The University of Montana, Missoula, MT 59812, USA
Abstract: The magnitude of annual variation in the survival of young greatly influences
population dynamics in ungulates. Radio-marking individuals and obtaining age ratios
(e.g. calf:cow or fawn:doe) are 2 common techniques used to monitor the survival of
young in ungulates. Our objectives were to determine factors influencing summer
survival in elk calves and compare summer survival rates estimated from radio-marked
individuals to survival rates estimated from aerial calf:cow ratios in west-central Montana
during 2002-2006. Both birth date and birth weight influenced the survival of calves
with lighter, early born calves surviving at lower rates. Generally, summer survival
estimates obtained from calf:cow ratios were similar to those obtained from marked
individuals. Age ratios can capture the annual variation in the survival of young, but
marking individuals provides valuable information about the mechanisms responsible for
the observed trend in the survival of young.
Key words: elk, Cervus elaphus, calf, survival, mortality, recruitment, birth weight, birth
date, predation, Montana
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INTRODUCTION
Survival of young strongly influences population dynamics in ungulates because
it drives the variation in population growth (Gaillard et al. 1998, 2000; Raithel et al.
2007). The trajectory the population follows stems primarily from the variation in
recruitment rates, which are a composite of fecundity and the survival of young (Houston
1982, Clutton-Brock et al. 1985, Gaillard et al. 1998). Fecundity rates, however, have
very little influence on population growth, given their elasticity and variability patterns
(Pfister 1998, Gaillard et al. 2000, Raithel et al. 2007). The survival of young can also
influence lifetime reproductive success in female red deer (Cervus elaphus, CluttonBrock 1988). Exploring the factors that influence the survival of young is necessary to
understand the spatial and temporal variation in the population growth rates in ungulates.
Many factors can act independently or synergistically to cause variation in the
survival of young. Environmental conditions (Adams et al. 1995, Portier et al. 1998,
Lubow and Smith 2004), population density (Portier et al. 1998, Lubow and Smith 2004),
and individual covariates including sex (Smith and Anderson 1996), birth weight
(Clutton-Brock et al. 1987, Singer et al. 1997), and birth date (Clutton-Brock et al. 1987,
Singer et al. 1997, Gregg et al. 2001) can all impact the survival of young. The condition
and age of females can also affect the probability of their young surviving (Guinness et
al. 1978, Andersen and Linnell 1998, Keech et al. 2000). Predator assemblages and
densities are arguably the most important determinants of survival for neonates because
predation is the primary proximate cause of mortality in many ungulate populations
(Linnell et al. 1995, Ballard et al. 2001, Zager and Beecham 2006).

2

Radio-marking individuals allows for a direct estimate of survival and provides
insight into the mechanisms responsible for the variation in the survival of young. We
can also estimate cause-specific mortality rates (Heisey and Fuller 1985) to quantify the
impacts of predators, weather, and density-dependent factors. However, this technique is
labor-intensive, invasive, expensive, time consuming, and is subject to sample size
limitations. Estimating survival from marked individuals requires making numerous
assumptions including: independent fates of marked individuals, no influence of marking
on fate, known survival time, and random sampling of the population (Pollock et al.
1989, Tsai et al. 1999). Most disconcerting is the over-estimation of survival due to
mortality of neonates occurring prior to being available for radio-marking (Ozoga and
Clute 1988). The extent to which early post-partum mortality biases survival estimates
obtained from marked individuals is variable and generally unknown.
A more efficient and affordable method to monitor and even estimate survival of
young is through age ratios (White et al. 1996). Age ratio indices such as calf:cow or
fawn:doe are non-invasive and can be routinely collected through ground or aerial herd
composition surveys to index calf recruitment (Rabe et al. 2002). This method facilitates
sampling across large areas and from large populations. However, the use of age ratios to
make inferences about variations in annual recruitment or survival of young also requires
multiple assumptions. These assumptions include: equal observability between and
proper identification of sex and age classes (Nichols 1992), no differential emigration or
immigration (White et al. 1996), and that adult survival is relatively constant
(McCullough 1994). Harris (2007, Chapter 2) evaluated the utility of using age ratios to
monitor survival of young using elk (Cervus elaphus) life history in a modeling
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framework. They demonstrated that calf:cow ratios closely tracked annual changes in
calf survival and that using the number of female adults is a reasonable denominator in
the ratio because of the invariability in annual adult survival rates. Unfortunately, many
factors could compromise the accuracy of age ratios including changes in animal
behavior, such as activity and movement patterns between sex and age classes
(McCullough 1993); survey methods (Samuel et al. 1992); observation error (Bender et
al. 2003); and stochastic environmental variation inhibiting age ratios to detect annual
declines in survival of young (Harris 2007, Chapter 2). Although age ratios should
capture the annual variation in survival of young, they do not provide any information
about the mechanisms responsible for the variation.
Direct comparisons between age ratios and intensive monitoring of marked
animals to estimate survival of young are rare (Bonenfant et al. 2005). It also remains
unclear how important understanding the mechanisms responsible for annual variation in
survival of young are for the management of ungulate populations. We used both age
ratios and radio-marked individuals to monitor the survival of young in an elk population
in west-central Montana where calf:cow ratios declined from 41:100 in 1988 to 20:100 in
2001 (Montana Fish, Wildlife & Parks 2005). Our objectives were to 1) examine factors
influencing summer calf survival; and 2) determine the relationship between calf survival
estimates obtained from calf:cow ratios and those obtained from marked individuals. We
believe our study will provide insight into the reliability of age ratios to estimate calf
survival as well as factors contributing to patterns in calf survival and recruitment outside
a national park or elk refuge.
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STUDY AREA
Our 530-km2 study area in west-central Montana lies within the Garnet Mountains
about 55 km east of Missoula, Montana, USA. The Garnet Mountains comprise about
1,570 km2 and lie in the Blackfoot, Clark Fork, and Nevada Valleys. Elevations range
from 1,160 m at the mouth of the Clearwater River to 2,150 m atop Elevation Mountain.
Mean temperatures range from -8.9 C in January to 18.9 C in July with mean annual
precipitation ranging from 19-33 cm occurring primarily from December to June during
our study from 2002-2006 (Western Regional Climate Center, Ovando, Montana).
Dominant vegetative communities at low elevations are native shrub-bunchgrass and
sagebrush (Artemisia spp.), willow (Salix spp.), and cottonwood (Populus deltoides)
habitats, and at mid and upper elevations are Douglas-fir (Pseudotsuga menziesii),
ponderosa pine (Pinus ponderosa), and lodgepole pine (Pinus contorta) forests.
Land ownership consists of 28% federal, 10% state, and 62% private lands
(Montana Fish, Wildlife & Parks 2005). Private land uses include production of alfalfa,
barley, oats, and hay grasses; cattle, horse, and bison ranching; and timber production.
Public land uses include timber production, grazing, and hunting. Other native ungulates
present in the study area include white-tailed deer (Odocoileus virginianus), mule deer
(O. hemionus), and moose (Alces alces), and their primary predators include mountain
lion (Puma concolor), black bear (Ursus americanus), and coyote (Canis latrans).
Predator densities in our study area were 1.3-1.6 adult resident mountain lions /100 km2
in 2002-2006 (R. DeSimone, Montana Fish, Wildlife & Parks, personal communication)
and approximately 11 black bears /100 km2 in 2004 (R. Mace, Montana Fish, Wildlife &
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Parks, personal communication). Coyotes were common, but their densities were
unknown.
METHODS
Calf Capture
We began capture efforts by searching known calving areas with ground crews
and used a helicopter to survey calving areas as the season progressed during late May
and early June, 2002-2006. We stored ear-tag transmitters individually in bags with
sagebrush, wore new latex gloves and de-scenting powder on outerwear when capturing
calves, and restricted chase with helicopter to ≤2 minutes to minimize stress and the
probability of capture-related mortality. We sexed, aged, and equipped neonatal elk (0-7
days old) with radio-transmitters while they were restrained. We took several physical
measurements to estimate age at time of capture (Johnson 1951, Sams et al. 1996), but
relied mostly on capture weight, condition of umbilicus, and length of the first incisor
because these characteristics explained most of the variation in neonatal age according to
Smith et al. (1997). We calculated sex-specific regressions to estimate birth weight for
each year following Smith et al. (1997) for calves estimated as ≥1 day old; when the calf
was < 1 day old, we assumed capture weights were equivalent to birth weights.
We equipped calves with expandable, break-away radio-collars (TS 37; 280
grams, Telemetry Solutions; Smith et al. 1998) during the first year of the study. We
used both collars and radio ear-tag transmitters (M3430, 22 grams; Advanced Telemetry
Solutions, Inc.) in 2003, before switching to only ear-tag transmitters during the 20042006 capture seasons. The expected battery life of the radio packages were 15 months
and 6-12 months for the radio-collars and ear-tag transmitters, respectively. Both radio
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packages had a mortality switch built into their circuitry that doubled the pulse rate after
being motionless for ≥4 hours. The University of Montana Institutional Animal Care and
Use Committee approved these animal capture and handling techniques.
Monitoring and Mortality Investigations
We monitored radio-tagged calves for mortality signals throughout the summer
immediately following instrumentation using ground-based telemetry 1-3 times daily and
visual observations from a fixed-wing aircraft 1-2 times monthly. We located
transmitters usually within 12 hours of detecting mortality signals, and examined the site
for remains to determine cause of death. We concluded predation as the cause of death
when hemorrhaging was present. Identification of predator species followed O’Gara
(1978) using consumption patterns, canine punctures, tracks, scat, and hair. We
concluded malnutrition as the cause of death when we observed empty or nearly empty
stomachs, red and gelatinous femur marrow, absent kidney fat, low weight gain or weight
loss, and no abnormalities (e.g. lesions) associated with disease were present. Calves that
died including those killed by predators that exhibited these signs were recorded as
malnutrition not predation; we assumed that poor nutritional condition predisposed calves
to predation. We also sent complete carcasses with no sign of hemorrhaging to the
Montana Fish, Wildlife & Parks Wildlife Research Lab (Bozeman, Montana, USA) to
search for signs of malnutrition and disease.
Survival Analysis from Marked Samples
We used the known-fate (KF) model in Program MARK to estimate summer
survival and examine the relationship between summer survival and several variables
(Burnham and Anderson 1998, White and Burnham 1999). We marked all calves within

7

a 15-day period each year (May 25-June 8) when the probability of mortality was high
(Pojar and Bowden 2004); therefore, we did not use a staggered-entry design (Pollock et
al. 1989). We censored calves from the survival analysis when transmitters failed or
could not be found, when tracking devices dropped off calves prematurely, and when
mortalities were caused by handling (2 human-induced abandonments in 2002). The age
at which mortality and censor events occurred correspond to the number of weeks calves
were alive rather than the calendar date (Vreeland et al. 2004). Our a priori model set
included the effects of sex, year, time period (neonatal [first 6 weeks post-capture,
following Smith and Anderson 1998] and juvenile [7-13 weeks post-capture]), herd unit
(Bear Creek, Chamberlain Creek, Long Lake, and Murray-Douglas Creek), estimated
birth weight, and the difference between an individual's birth date and median birth date
as a continuous variable. How lasting the effects of birth weight and birth date on
summer survival are unknown because of their interactions with growth rate (Cook et al.
2004). Therefore, we included birth weight as a covariate in weeks 1-6, 7-13, and 1-13;
and birth date as a covariate in weeks 1-6 and weeks 1-13 to compare both acute and
chronic effects on summer survival.
We compared and selected the top models to estimate summer calf survival using
Akaike’s Information Criterion corrected for small sample size and overdispersion
(QAICc), when necessary (Burnham and Anderson 1998). Studies on herd animals such
as elk often produce overdispersed data because of the lack of independence between
individuals. We evaluated overdispersion in our data using a naïve estimate of ĉ from the
global model (Anderson et al. 1994) because no goodness-of-fit statistic is available for
known-fate models. If ĉ >1, which indicates overdispersion, we used 0-3 Δ QAICc to
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define top models and used the inflated variances with parameter estimates. We modelaveraged the top models whose 95% confidence intervals for the parameter estimates did
not overlap zero.
Survival Analysis from Calf:Cow Ratios
We conducted aerial surveys during summer months (June-August) and the spring
(April-May) where we classified elk as calves, cows, yearling bulls, and mature bulls.
We flew all surveys in a Piper Supercub with the same pilot and 1 of 2 observers.
Calf:cow ratios obtained during the summer flights included calves ≤ 3 months old. In
contrast, calves counted during the spring green-up flights were almost 1-year-old and
represented recruitment of calves into that year’s population. Therefore, the number of
calves counted during the spring flight is a function of fecundity and first-year survival of
young. We also used linear regression and the coefficient of determination (r2) to
correlate summer survival estimates from the marked samples to observed summer and
spring calf:cow ratios. Standard errors of the calf:cow ratios were calculated assuming a
binomial distribution following Czaplewski et al. (1983).
We obtained an independent estimate of summer survival from the changes in
calf:cow ratios from our first summer flight in early July to the calf:cow ratio from our
last flight (July-early September) following White et al. (1996). The number of flights
and the number of weeks the summer flight data encompassed varied by year. Therefore,
we used the model-averaged survival estimates from the Program Mark analysis (for
weeks 7 – 13) to calculate a survival estimate corresponding to the duration the summer
flights encompassed to allow for a direct comparison between survival estimation
methods. We used the coefficient of determination (r2) to compare the summer survival
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estimates obtained from the change-in-ratio method to those obtained from the marked
samples.
Statistical Analyses
We tested for normality in handling time, estimated age at capture, estimated birth
date, estimated birth weight, average total precipitation for March- May, and average
temperature for March- May using Kolmogorov-Smirnov tests. Handling time and
estimated age at capture were not normally distributed; therefore, we tested for
differences across years using a Kruskal-Wallis test and between sexes using a MannWhitney test. We used standard parametric tests including analysis of variance
(ANOVA) to test for difference across years, herd units, mode of capture, birth period
(early, peak, and late), and between sexes. The peak period consisted of births that
occurred in the second and third quartiles of the range of birth dates for radio-marked
calves (Adams et al. 1995, Gregg et al. 2001). Pair-wise comparisons were evaluated
using Tukey’s honestly significantly difference (HSD) test. We evaluated the
homogeneity of variance assumption when comparing means using the Levene statistic
and used the Welch statistic when appropriate. We also used logistic regression to
determine if mode of capture, radio-package, and handling time influenced summer calf
survival. We obtained monthly average temperature and precipitation for March-May in
our study area from the Ovando 9 SSE weather station (Western Regional Climate
Center, Montana) to examine the impact of weather covariates during the third trimester
for cow elk (March-May, Smith and Anderson 1996) on summer calf survival using
linear regression and the coefficient of determination (r2). All means are presented ± 1
standard error (SE).
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RESULTS
Sex Ratio, Birth date, and Birth weight
We equipped 221 calves with radio-collars or ear-transmitters from May 25 –
June 8 during the 2002-2006 calving seasons (Table 1). We captured 42 calves from
ground searches and the remaining 179 calves from a helicopter. The sex ratio of
captured calves was 120 female: 98 male (3 were not sexed) and was similar to parity
(χ2=2.22, df=1, P=0.136), though more females were captured in 2004 (χ2=6.23, df=1,
P=0.013). The mean capture weights were 20.5 ± 0.3 kg (n=117) and 21.8 ± 0.4 kg
(n=92) for females and males, respectively. The estimated age at capture ranged from 07 days old and the median age at capture was 4 days old. The estimated median age at
capture was similar across years (Kruskal-Wallis χ2=5.48, df=4, P=0.241) and between
sexes (Mann-Whitney U= 5637, Z= -0.53, P = 0.596). Average handling time (in
minutes) was different across years (Kruskal-Wallis χ2=39.00, df=4, P< 0.001) with
captures being on average 1.1 minutes longer in 2002 (6 ± 0.5 minutes) than in all other
years.
The mean estimated birth date of marked calves was May 29 and ranged from
May 20-June 6. We pooled the data to identify birth periods because the estimated birth
dates were similar across years (F4,216=1.94, P=0.104). Calves born between May 20May 27, May 28- May 31, and June 1 and June 6 were classified as early, peak, and late
births, respectively. When we converted birth date into these categories (early, peak, and
late), birth date was similar between sexes (χ2=2.56, df=2, P=0.278). However, the
categorical birth date differed across years (χ2=18.02, df=8, P=0.020) with 29% of calves
in 2005 being born during the early period compared to 41% in 2006.

11

The estimated birth weight differed between sexes (F2,218=10.39, P<0.001); males
averaged 1.4 ± 0.3 kg heavier than females (Table 2). However, the estimated mean
daily weight gain was similar between sexes (T=0.17, df=4, P=0.872). The estimated
birth weights also differed across years for both females (F4,115=3.25, P=0.014) and males
(F4,93=4.33, P=0.003) with both sexes weighing less in 2006 than in any other year of the
study (Table 1). Estimated birth weights were similar across herd units (F3,188=0.31,
P=0.818) and between calves born early, during the peak, and late for both females
(F2,117=0.34, P=0.679) and males (F2,95=1.15, P=0.322). However, calves born early
were lightest and calves born during the peak were heaviest for both males and females.
Cause-Specific Mortality
Forty-one of the 192 calves (21%) retaining their radio-transmitters died during
their first 13 weeks (Table 1). Predation was the greatest source of mortality, accounting
for 27 (66%) of all known mortalities. Bear predation was the only source of mortality
that differed across years (χ2=24.80, df=4, P<0.001) occurring more often in 2002 than in
all other years. In addition, bear predation (27%) was the greatest single source of
mortality in elk calves across years. Mortality varied temporally throughout the summer,
with more calves dying during the neonatal period (76%), ≤ 6 weeks of capture
(χ2=10.76, df=1, P<0.001) than in the juvenile period between 7-13 weeks of capture
(Fig. 1). Most bear predation (91%) and malnutrition (86%) occurred early in the
summer during the neonatal period, while the first lion mortality occurred 5 weeks after
capture.
Marked calves also died from malnutrition (17%), abandonment (5%), and
disease (5%) in addition to predation. Calves died from malnutrition (n=7) in every year
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of the study except in 2003. The only cases of capture-related abandonment occurred in
2002, when 2 intact calves were recovered 4 and 5 days post-capture and had lost 1.8 and
3.6 kgs., respectively. Two marked calves also died from disease (pneumonia) during
our study. One calf died from Escherichia coli and Streptococcus spp. that infected the
lung tissue 5 weeks post-capture in 2002. Similarly, Streptococcus spp. and
Arcanobacterium pyogenes infected the lung tissue of a calf that died 12 weeks postcapture in 2004.
Survival from Marked Samples
Survival of radio-marked calves were not influenced by the mode of capture (P=
0.130) or handling time (P=0.626), though handling time was longer and the primary
mode of capture was via ground crews in 2002. Whether calves were equipped with
radio-collars or ear-transmitters also did not influence summer survival rates (P=0.231).
The categorical birth date had some influence on survival of young: all calves born early
in 2002 (n=5) died that summer. Relatively more calves that were born early (24%) died
than those that were born during the peak or late period (14-16%) when we pooled the
data across years.
We compared 28 models to estimate summer calf survival (Table 3). The
estimate of overdispersion from the global model exceeded 1 (ĉ=1.8). All the top models
(0-3 ΔQAICc) included year, and either birth date (bd) or birth weight (bw). The effect
of birth date on elk calf survival was more prominent during the neonatal period (1-6
weeks), while the effect of birth weight on elk calf survival was more prominent during
the juvenile period (7-13 weeks), according to the top ranking models. Calves that died
during the juvenile period were on average born 1.1 kg lighter than calves that died
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during the neonatal period. Calves born early relative to the median birth date (Fig. 2)
and calves with lower birth weights had lower survival in all years (Fig. 3). Models that
incorporated effects of sex, herd unit, or time period were inferior (ΔQAICc ≥ 6.78). We
obtained summer survival estimates from the S{year + bd1-6weeks} and S{year + bw713weeks}

models as well as model-averaging these top models (Table 4).

Survival from Calf:Cow Ratios
We conducted 20 classification flights during the summers of 2002-2006 and the
duration between the first and late flight ranged from 3-6 weeks each summer. Average
group size counted was 72 ± 6.5 elk (range 1-559 elk) within 14 ± 1.3 groups. The
average number of calves and cows counted per group was 16 ± 1.5 and 45 ± 4.5,
respectively. We also conducted 11 green-up surveys during the springs of 2003-2006.
Average group size counted was 25 ± 2.7 elk (range 1-276 elk) within 20 ± 2.8 groups.
The average number of calves and cows counted per group was 5 ± 0.5 and 18 ± 2.2,
respectively. Variation in the calf:cow ratio was higher at lower group sizes and the
calf:cow ratio tended to decline as group size increased. Calf:cow ratios obtained during
spring green-up, which corresponds to the previous year’s summer calf survival, was
lowest in 2003 (Table 5).
The survival estimates obtained from the change-in-ratio method were generally
similar to those obtained from our marked samples; the discrepancy between methods
was 3-12% (Fig. 4). The change-in-ratio method consistently underestimated survival in
all years of the study. However, calf:cow ratios obtained at the end of the summer (r2=
0.69, P=0.081, n=5) and those collected during spring green-up (r2= 0.95, P=0.027, n=4),
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correlated well with the model-averaged summer survival estimates from the marked
sample.
Weather Covariates
The average temperature from March-May (F4,10=0.315, P=0.862) and the
average total precipitation from March-May (F4,10=0.912, P=0.494) were similar between
years. The average temperature and average total precipitation from March-May across
2003-2006 was 3.2 C and 4.6 cm, respectively. In contrast, the average temperature (1.2
C) and average total precipitation (1.1 cm) from March-May in 2002 were dramatically
lower. Neither average birth weight for females (r2=0.26, P=0.386, n=5) nor males (r2=
0.01, P=0.874, n=5) correlated well with average temperature from March-May.
Similarly, average total precipitation from March-May did not explain much of the
variation in mean female (r2=0.21, P=0.434, n=5) or male (r2=0.04, P=0.755, n=5) birth
weight. However, summer calf survival estimated from marked samples was higher in
years when the spring had more rainfall (r2=0.95, P=0.005, n=5) and higher temperatures
(r2=0.90, P=0.013, n=5).
DISCUSSION
Cause-specific Mortality
Predation is the primary source of mortality among young (< 1 year old) in many
ungulate populations (Smith and Anderson 1996, Whittaker and Lindzey 1999, Keech et
al. 2000, Valkenburg et al. 2004, Bishop et al. 2005). The amount of summer mortality
attributed to predation (66%) in our study was remarkably similar to rates reported in
other elk calf mortality studies (68%, Smith and Anderson 1996; 72%, Singer et al. 1997;
95%, Barber-Meyer et al. in review). However, the overall summer predation rates
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(calves killed/total uncensored calves) across elk calf mortality studies were lower in our
study (14%) in comparison to studies conducted in Yellowstone National Park pre-wolf
reintroduction (22%, YNP, Singer et al. 1997), a more recent YNP post- wolf
reintroduction study (67%, Barber-Meyer et al. in review), and in Idaho (29%, Zager et
al. 2002). Bear predation was the primary source of mortality in elk calves across all
studies, but was much lower (27%) in our study compared to rates reported by Smith and
Anderson (50%, 1996), Singer et al. (52%, 1997), and Barber-Meyer et al. (63%, in
review). In contrast, summer mortalities attributed to mountain lion predation was higher
in our study (17%, n=7) than in Wyoming (0%, Smith and Anderson 1996), YNP prewolf (0%, Singer et al. 1997), and YNP post-wolf (3%, n=3, Barber-Meyer et al. in
review).
The level of summer malnutrition (17%) in our study is not consistent with
previous mortality studies on neonatal ungulates. Summer malnutrition rates in elk
calves ranged from 0-9% (Smith and Anderson 1996, Singer et al. 1997, Barber-Meyer et
al. 2006). However, Pojar and Bowden (2004) assessed the nutritional condition of mule
deer fawns based on thymus gland condition and weight, and reported that 38% died
from sickness or starvation from capture to mid-December. We believe cause-specific
mortality studies often underestimate neonatal loss due to malnutrition because it is
difficult to assess, not assessed when predator sign is present, assessed only with intact
carcasses, or only evaluated during winter months. For example, winter malnutrition was
primarily identified by intact carcasses and evaluated from femur marrow fat
measurements in mule deer fawns (Bishop et al. 2005). Underestimation of malnutrition
may lead to overestimation of mortality caused by predators. We relied on degree of
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weight loss, absence of milk curds or vegetation in stomach, color and texture of femur
marrow, and kidney fat to assess malnutrition. We assessed the nutritional condition of
carcasses even when predator signs were present, which resulted in the nutritional
condition assessed in 60% of the calves killed by predators. For example, one carcass in
2005 had obvious cougar signs (heart and liver partially consumed, spherical entrance
wound, tufts of hairs removed, and broken ribs), but the femur marrow was dark red and
gelatinous and the rumen was filled was dirt. Therefore, we concluded that malnutrition
was the ultimate cause of death.
Factors Influencing Survival
The survival of young in ungulates varies due to its sensitivity to numerous
environmental factors and habitat conditions. Summer survival for calves varied between
0.21-0.84 across 6 years in the South Fork herd in north-central Idaho (Zager et al. 2002)
compared to 0.36-0.91 across 5 years in our study. Smith and Anderson (1996) reported
relatively high neonatal survival in elk during the first 6 weeks of life (85%) in
northwestern Wyoming, which was comparable to our sample (84%). In contrast, total
summer survival in our study (79%) was higher than summer survival in Yellowstone
National Park (66%, Singer et al. 1997, 29% Barber-Meyer et al. in review). Summer
survival and the condition of young during the summer can be an extremely important
determinant of winter and annual survival. Smith and Anderson (1998) reported that
winter mortality in elk calves was only a significant component of annual survival in
years when above-average precipitation fell.
Birth weight can be an important factor influencing the survival of young in
ungulates and varies according to weather, density, forage quality, and a female's body
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condition (Smith et al. 1997, Keech et al. 2000). Some authors have reported that lighter
young had lower survival in ungulates (Guinness et al. 1978, Fairbanks 1993, Singer et
al. 1997, Bishop et al. 2005), while others report no relationship between birth weight and
survival (Adams et al. 1995, Aanes and Anderson 1996, Smith and Anderson 1998).
Birth weight influenced summer survival during the juvenile period (7- 13 weeks postcapture) in our study. We suspect the effect of birth weight was masked during the
neonatal period (1-6 weeks post-capture) because of heavy bear predation early in the
summer (Harris 2007, Chapter 2). Bears meander through the habitat searching for
bedded calves and all calves would probably be equally susceptible during the period
when the primary defense to evade predators is hiding, regardless of differences in birth
weight. Calves must compensate for declines in milk consumption and increases in their
metabolized energy (ME) requirements as they grow older with high quality forage
(Hudson and Haigh 2002, Cook 2002). Therefore, energy deficiencies that cause growth
declines in July (~ 6 weeks post-capture, Cook 2002), coupled with low birth weight and
limited mobility, may result in weaker calves less able to evade predators during the
juvenile period.
The birth date of the individual relative to the birth pulse and the birthing
synchrony of the population can also contribute to the annual variation in survival rates.
The degree of birthing synchrony has been associated with the age structure of the males
that sire young. Noyes et al. (1996) reported that calving seasons were later and longer
when breeding was done by yearling bulls in comparison to 5 year-old bull elk. Birth
synchrony often corresponds to prime forage productivity (Keech et al. 2000) and is
believed to be an anti-predator response with predators killing a lower proportion when
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they are "swamped" by their prey (Estes 1976). Young born during the peak should have
the highest survival when swamping predators (Adams et al. 1995, Gregg et al. 2001) and
survival should be lowest for young born early (our study, Smith and Anderson 1998) or
born late (Whitten et al. 1992, Singer et al. 1997, and Keech et al. 2000). Young born
outside the peak might have higher survival (Ims 1990) for species unable to “swamp”
their abundant, generalist predators as documented in roe deer fawns (Capreolus
capreolus, Aanes and Anderson 1996) and both mule deer and white-tailed deer fawns
(Whittaker and Lindzey 1999). Alternatively, the effect of birth date might not be
consistent through time with individuals born early having the lowest survival until late
born individuals appear as documented in caribou calves (Rangifer tarandus, Adams et
al. 1995).
Summer calf survival obtained from our marked samples was relatively high and
consistent over time, except in 2002. We made several improvements in our capture
protocol after the 2002 field season including changing primary mode of capture and
radio package; reducing our impact to particular areas by better allocation of radiotransmitters to herd units; handlers using “de-scenting” powder; and reducing our chase
time (< 2 minutes) with the helicopter and handling time. The uncharacteristically cold
and dry spring in 2002, which were the most extreme conditions in the study area in 108
years, could have increased the vulnerability of calves to mortality. Bishop et al. (2005)
reported a strong relationship between spring temperature and precipitation on summer
survival in mule deer fawns. However, we were unable to consider the possible effect of
the comparatively adverse snow conditions that general observations indicated in MarchApril 2002 because we did not monitor snow depth, persistence, and crusting. The
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extremely low summer calf survival in 2002 may have been a function of our capture
protocol, longer handling time, weather conditions, or some combination of the 3. We
expected the effects of harsh environmental conditions to manifest in lower birth weights,
but the average birth weight in 2002 was not the lowest recorded during our study. We
believe the low survival in 2002 was probably more an artifact of capture protocol and
handling times than extreme weather conditions during the third trimester in elk cows.
Monitoring Survival of Young with Age Ratios and Marked Samples
Monitoring the survival of young is extremely important because the survival of
young drives population dynamics in ungulates (Gaillard et al. 1998, 2000; Raithel et al.
2007). The summer survival estimates obtained from both methods were similar, but the
change-in-ratio method does not allow for a survival estimate over the entire summer
because aerial surveys begin in early July once cows and associated calves have rejoined
their respective herds. Smith and Anderson (1998) reported a 13-18% overestimation in
survival estimates obtained from calf:cow ratios compared to survival estimates obtained
from radio-collared elk calves. In contrast, in our study the survival estimates obtained
from the change-in-ratio method were consistently an underestimate of summer survival
compared to the marked sample survival rates. Accuracy of survival estimates extracted
from age ratios is dependant upon the duration studied, degree of sampling error, and
amount of visibility bias (White et al. 1996, Gaillard et al. 2000). Short and brief
movements could cause biases and add more variation to age ratios obtained during herd
composition surveys, specifically if calves are not with their respective cows (White et al.
1996).
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The survival estimates obtained from the marked samples are also subject to error.
We know we overestimated survival because we documented 5 mortalities of unmarked
calves that died in their first hours of life prior to most capture opportunities. Similarly,
other authors have recorded early post-partum deaths of unmarked individuals for mule
deer fawns (Pojar and Bowden 2004) and caribou calves (Valkenburg et al. 2004).
Marking individuals allows researchers to investigate the mechanisms responsible for the
observed patterns in the survival of young and document sources of mortalities, despite
some error in the estimate.
MANAGEMENT IMPLICATIONS
Identifying the factors that influence the survival of neonatal ungulates is
necessary to guide management actions in manipulating the size, growth, and variability
in populations. Birth weight of young is an important determinant of survival, with larger
neonates having higher survival across many ungulate populations. Birth weight is
influenced by the size and condition of females, which can be affected by weather and
habitat quality. If the goal is to increase the survival of young, efforts should focus on
maintaining healthy densities and assuring the availability of highly nutritious forage.
The degree of birthing synchrony also affects the survival of young in ungulates, with
neonates born early or late relative to the birth pulse generally having lower survival
rates. The amount of synchrony can be manipulated by changing the age-structure of
males through harvest regimes because an older age structure in males tends to reduce the
length of the birthing season, resulting in more young born during a shorter period and
those young experiencing a higher survival rate.
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Monitoring the survival of young through marked individuals or with age ratios
obtained during aerial surveys has advantages and disadvantages. Radio-telemetry
studies provide information about factors influencing survival, but are often prohibitively
expensive and will always be an overestimate of survival because of missed mortalities.
In comparison, age ratios can be routinely collected with relatively little effort and
money, but are subject to observation error, sampling restrictions, and will miss more
early mortalities. If the goal is simply to capture the annual variation in the survival of
young, minimizing or controlling for observation error and routinely collecting age ratios
is most efficient. However, despite the ability of age ratios to track changes in calf
survival, estimating summer survival through the change-in-ratio method is flawed and
not very insightful. Marking individuals is necessary to estimate survival more
accurately and to quantify the impacts of various sources on survival. Management
actions targeted to reduce mortality due to predation (e.g. increasing predator harvest)
differ dramatically from those targeted to reduce malnutrition (e.g. increasing forage
quality and availability). Marking individuals provides more insight into factors
influencing population dynamics; proper management actions are unclear when relying
solely on age ratios.
Many studies have emphasized the high contribution of predators to mortality in
neonatal ungulates. Therefore, managers could manipulate the densities and assemblages
of predators to change survival of young. For example, we would need to increase lion
densities rather than bear densities in our study area to decrease calf survival in elk
because lions killed elk calves throughout the summer and are true carnivores not reliant
upon plant or fruit resources. However, we believe that predators are not limiting
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recruitment in the elk population in our study, despite predation being the primary source
of mortality in calves, because summer survival estimates were consistently high.
However, relating predation to ungulate recruitment and population growth depends on
how much of this mortality is additive versus compensatory. We documented relatively
high summer malnutrition (at least 17%) in our study and suggest that some predation is
compensatory. Therefore, in cause-specific mortality studies, it is necessary to
investigate mortality promptly and assess the nutritional condition of individuals killed.
Despite its difficulty with partially consumed carcasses, it is essential to determine
whether poor nutrition predisposed young to predation. Otherwise, predation rates
reported may be biased high and factors affecting habitat quality and forage availability
overlooked.
The elk population in our study area is probably more representative of areas
across the western United States than to studies conducted on refuges and national parks
where hunting is limited or elk are fed. We also chose a study area that represents
conditions where there are currently no wolf packs. The presence of wolf sign has
continued to increase throughout the study. We have received several reports of wolf
sightings and we documented a spike elk killed by a wolf (or wolves) in the study area in
2006. Therefore, our study will serve as a reference to assess the impact of wolves on elk
calf survival and recruitment, should they recolonize and establish viable packs.
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Table 1. Fate of calf elk radio-marked as neonates during summer (25 May – 31 Aug) by year on
the Garnet Mountains study area, west-central Montana, USA, 2002-2006. Proportions of total
mortality for that year are presented in parentheses.

Fate
2002
2003
2004
2005
15
3
7
10
Mortality
Predation
10(0.67)
3 (1.00)
4(0.57)
5(0.50)
6
2
2
1
Bear
2
0
1
3
Cougar
1
0
0
0
Coyote
1
1
1
1
Unknown
Malnutrition
2(0.13)
0
2(0.29)
2(0.20)
Abandonment
2(0.13)
0
0
0
Disease
1(0.07)
0
1(0.14)
0
a
Other
0
0
0
2(0.20)
Unknown
0
0
0
1(0.10)
6
25
42
37
Survived
6
14
3
2
Censored
Total Sample
27
42
52
49
a
Other mortalities included 1 drowning and 1 fence entanglement
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2006
6
5(0.83)
0
1
1
3
1(0.17)
0
0
0
0
41
4
51

Total
41
27(0.66)
11
7
2
7
7(0.17)
2(0.05)
2(0.05)
2(0.05)
1(0.02)
151
29
221

Table 2. Year and sex-specific linear regression models produced by regressing calf elk capture
weight on estimated age of calf at time of capture, where β0 corresponds to birth weight (kg) and
β1 to daily rate of gain (kg) across days 1-8, for neonatal calf elk captured and processed on the
Garnet Mountains study area, west-central Montana, USA, 2002-2006. Followed by the mean
birth weight and SE ( X ± SE) for each sex from each year generated from sex-specific regression
models.
Female
β0
(95% CI)
β1
(95% CI)
Sample size
R2
X ± SE
Male
Β0
(95% CI)
Β1
(95% CI)
Sample size
R2
X ± SE

2002

2003

2004

2005

2006

14.9
(12.8-16.9)
1.3
(0.7-1.8)
13
0.72
15.7 ± 0.7

15.0
(12.9-17.0)
1.7
(1.3-2.1)
17
0.84
15.0 ± 0.4

14.6
(13.3-15.9)
1.7
(1.3-1.9)
35
0.79
14.6 ± 0.3

16.3
(14.7-17.8)
1.3
(0.9-1.7)
29
0.63
16.3 ± 0.3

13.9
(12.5-15.4)
1.2
(0.9-1.6)
22
0.72
14.7 ± 0.6

16.0
(11.8-20.3)
1.2
(0.4-1.9)
9
0.66
17.0 ± 0.8

17.6
(16.4-18.8)
1.3
(1.1-1.6)
23
0.85
17.6 ± 0.3

16.7
(14.2-19.2)
1.6
(1.1-2.2)
16
0.76
16.8 ± 0.6

16.7
(14.8-18.6)
1.5
(1.0-2.0)
20
0.68
16.9 ± 0.4

14.5
(12.9-16.0)
1.4
(1.0-1.8)
24
0.72
15.2 ± 0.5

25

Table 3. Relative performance of 28 candidate models describing radio-marked calf elk survival from capture to 13 weeks post-capture on
the Garnet Mountains, west-central Montana, USA, 2002-2006. Summer calf survival models included: year, calf sex, time period
(neonatal [first 6 weeks, following Smith and Anderson 1998] and juvenile [7-13 weeks ]), herd unit (Bear Creek, Chamberlain Creek,
Long Lake, Murray-Douglas Creek), and individual covariates (estimated calf birth weight, and the difference between an individual's
birth date and median birth date). Covariates were included as a chronic effect (1-13 weeks) unless otherwise noted.
Model
{year+birth datea+birth weightb}
{year+ birth datea}
{year+ birth datea + birth weighta}
{year+ birth weightb}
{year+ birth date+ birth weightb}
{year+ birth date*period}
{year+ birth weight*period}
{year+ birth weighta}
{year}
{year+ birth date}
{year+ birth weight}
{year+ birth date+ birth weight}
{year*period+ birth weightb + birth datea}
{year*period+ birth datea }
{period}
{year*period+ birth weightb}
{year*period}
{sex+ birth weightb}
{year*period+ birth datea + birth weighta}
{year*period+ birth date}
{sex+ birth datea }
{year*period+ birth weight}
{year*period+ birth date+ birth weight}
{year*period+ birth weighta}
{constant}
{herd+period}
{sex}
{herd}
a
acute effects included in weeks 1-6
b
acute effects included in weeks 7-13

ΔQAICc
0
0.85
1.22
1.59
1.81
2.41
2.53
3.2
4.06
4.13
4.56
4.75
6.78
6.93
7.63
8.32
8.48
8.59
8.73
8.79
8.90
9.08
9.56
10.17
10.98
12.17
12.59
15.46

ΔQAICc Weight
0.222
0.146
0.121
0.100
0.090
0.067
0.063
0.045
0.029
0.028
0.023
0.021
0.008
0.007
0.005
0.003
0.003
0.003
0.003
0.003
0.003
0.002
0.002
0.001
0.001
0.001
0.000
0.000
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Model Likelihood
1.000
0.654
0.543
0.451
0.404
0.299
0.282
0.202
0.131
0.127
0.103
0.093
0.034
0.031
0.022
0.016
0.014
0.014
0.013
0.012
0.012
0.011
0.008
0.006
0.004
0.002
0.002
0.000

Parameters
7
6
7
6
7
7
7
6
5
6
6
7
12
11
2
11
10
3
12
11
3
11
12
11
1
5
2
4

Table 4. Survival estimates ( Sˆ ) and standard errors of estimates (SE) from top models, S(year +
birth date), S(year+ birth weight), and the model-averaged model for radio-marked calf elk during
the summer interval (weeks 1-13 post-capture) for neonatal (weeks 1-6 post-capture) and summer
juvenile (weeks 7-13 post-capture) periods, for cohorts born in 2002-2006. Calf elk birth date
was held at the median and calf birth weight was held at the mean to only evaluate time period
and year effects. Sample sizes are in parentheses. Elk were radio-marked on the Garnet
Mountains study area, west-central Montana, USA, 2002-2006.

Neonatal Period
(weeks 1-6)
Juvenile Period
(weeks 7-13)
Summer Period
(weeks 1-13)
Neonatal Period
(weeks 1-6)
Juvenile Period
(weeks 7-13)
Summer Period
(weeks 1-13)

Calf Elk Survival Estimates, Sˆ (SE)
Summer Interval (1-13 weeks post-capture)
2002(n=23)
2003(n=36)
2004(n=51)
2005(n=49)
Year + Birth datea
0.58 (0.04)
0.96 (0.01)
0.94 (0.01)
0.90 (0.01)

2006(n=51)

0.59 (0.03)

0.96 (0.01)

0.93 (0.01)

0.90 (0.01)

0.94 (0.01)

0.34 (0.11)

0.91 (0.05)

0.88 (0.05)

0.81 (0.06)

0.89 (0.04)

0.51 (0.04)

Year + Birth weightb
0.93 (0.02)
0.90 (0.02)

0.85 (0.02)

0.92 (0.01)

0.75 (0.04)

0.97 (0.01)

0.95 (0.01)

0.94 (0.01)

0.96 (0.01)

0.39 (0.10)

0.91 (0.05)

0.86 (0.05)

0.80 (0.06)

0.88 (0.05)

Model-Averagedc
0.95 (0.01)
0.93 (0.01)

0.89 (0.02)

0.94 (0.01)

0.91 (0.01)

0.95 (0.01)

0.81 (0.06)

0.88 (0.06)

Neonatal Period 0.56 (0.02)
(weeks 1-6)
Juvenile Period 0.65 (0.04)
0.96 (0.01)
0.94 (0.01)
(weeks 7-13)
Summer Period 0.36 (0.10)
0.91 (0.06)
0.87 (0.05)
(weeks 1-13)
a
acute effects included in weeks 1-6
b
acute effects included in weeks 7-13
c
parameter estimates obtained by averaging values from top values
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0.95 (0.01)

Table 5. The resultant calf:cow ratio from summer (July-September) and spring green-up (MarchMay) aerial surveys flights in west-central Montana. Standard errors of the calf:cow ratios were
calculated assuming binomial distribution following Czaplewski (1983).
Early Summer
Late Summer
Spring Green-upa
Year
Calf:Cow Ratio ± SE
Calf:Cow Ratio ± SE
Calf:Cow Ratio ± SE
2002
0.37 ± 0.02
0.31 ± 0.03
2003
0.42 ± 0.02
0.39 ± 0.01
0.19 ± 0.01
2004
0.47 ± 0.02
0.43 ± 0.02
0.34 ± 0.01
2005
0.46 ± 0.02
0.32 ± 0.01
0.30 ± 0.01
2006
0.42 ± 0.02
0.36 ± 0.01
0.32 ± 0.01
a
Spring green up flights correspond to the previous year’s summer calf survival
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Figure 1. Temporal component of cause-specific mortality (n = 41) of calf elk radiomarked as
neonates within 13 weeks of capture on the Garnet Mountains study area, west-central Montana,
USA, 2002-2006.
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Figure 2. Relationship between radio-marked calf elk birth date and neonatal survival (weeks 1-6
post-capture) by year (2002- 2006) and averaged across years as estimated by the best-fitting
model including birth date, S(year + birth date) on the Garnet Mountains study area, west-central
Montana, USA, 2002-2006. The x-axis only encompasses the birth date range exhibited by the
radiomarked calf sample.
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Figure 3. Relationship between radio-marked calf elk birth weight and juvenile survival (weeks
7-13 post-capture) by year (2002- 2006) and averaged across years as estimated by the best-fitting
model including birth weight, S(year + birth weight) on the Garnet Mountains study area, westcentral Montana, USA, 2002-2006. The x-axis only encompasses the birth weight range
exhibited by the radio-marked calf sample.
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Figure 4. Summer survival estimates of elk calves on the Garnet Mountains study area, westcentral Montana (2002-2006) obtained from marked samples n=210 (y-axis) and calf:cow ratios
(x-axis).
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